Protocatechuic acid (PCA), chlorogenic acid (CA) and luteolin (LT) are plant phenols found in Chinese medicinal herbs such as Lonicera japonica. Cytotoxicity assays showed that PCA, CA and LT (at 100 μmol/L) effectively killed the HepG2 hepatocellular carcinoma cells. Among these three naturally occurring compounds, only PCA was capable of stimulating the c-Jun N-terminal kinase (JNK) and p38 subgroups of the mitogen-activated protein kinase (MAPK) family. Coincidently, PCA-induced cell death was rescued by specific inhibitors for JNK and p38, while the cytotoxicities of CA and LT were partially eliminated by the antioxidant effect of N-acetyl-L-cysteine (NAC). Further investigation demonstrated that the aqueous extract of Lonicera japonica also triggered HepG2 cell death in a JNK-dependent manner, but the amount of PCA alone in this herbal extract was insufficient to contribute the subsequent cytotoxic effect. Collectively, our results suggest that PCA is a naturally occurring compound capable of inducing JNK-dependent hepatocellular carcinoma cell death.
Introduction
Lonicera japonica is a commonly used traditional Chinese medicinal herb with a wide variety of biological activities and therapeutic properties. Given its antipyretic, diuretic, antiviral, and antibacterial effects (Nanba, 1994; Shi et al., 1999) , the herb has been used either alone or in combination with other Chinese medicinal herbs for the clinical treatment of fever, urinary disorders, dysentery, pneumonia, and many other infectious diseases in East Asian countries (Nanba, 1994; Huang, 1997) . Significant anti-inflammatory activities have also been previously reported for this herb (Shi et al., 1999) and such effects may be related to the modulation of intracellular signaling (Lee et al., 1999) . Another important biological function of Lonicera japonica is its protective effects on hepatic injuries; it has long been used as one of the principal ingredients in herbal formulations for the treatment of hepatitis in traditional Chinese medicine (Zhang, 1993) . Pharmacological experiments showed that methanol extract of Lonicera japonica can alleviate carbon tetrachloride-induced hepatic damage in rats (Ohta et al., 1999) . Other studies also revealed that water-soluble ingredients from Lonicera japonica have protective effects against hepatotoxicity induced by paracetamol and Dgalactosamine in mice (Shi et al., 1990; Lou et al., 1996) .
The mechanism by which Lonicera japonica exerts its beneficial effects on the liver is multifactorial given the diverse chemical constituents in the herb. Chlorogenic acid (CA), luteolin (LT), and protocatechuic acid (PCA) are phenolic compounds (Figure 1 ) that have been isolated from Lonicera japonica (Chang and Hsu, 1992) , and they have all been reported previously to have hepatoprotective effects to different extents. Tanaka et al. (1990) reported that CA has inhibitory effects on chemical-induced hepatocarcinogenesis in rats. LT can dose-dependently inhibit the activity of the cytosolic enzyme arylamine N-acetyltransferase (NAT) in human liver tumor cells (Chen et al., 2000) , hence suppressing the growth of cancer cells. PCA produces an inhibitory effect on inducible nitric oxide synthase and alleviates hepatic damage induced by lipopolysaccharides (Lin et al., 2003) . PCA has also been considered as an efficacious chemopreventive agent with antitumor properties partly through inhibition of cell proliferation induced by carcinogens in the digestive organs (Tanaka et al., 1995) . However, it has not been demonstrated clinically or experimentally whether PCA possesses therapeutic effects on liver cancer.
Although the protective and antitumor functions of PCA, CA, and LT have been proposed previously, it remains unclear by what intracellular signaling mechanisms these naturally occurring compounds exert their therapeutic functions. In the present study, we examined these three phenolics, particularly on PCA, for their cytotoxic effects and intracellular signaling properties in the human HepG2 hepatocellular carcinoma cells, a useful model for the study of malignant hepatocyte growth of liver cancer (Ansorena et al., 2002; Sun et al., 2003) . Special interests were focused on the c-Jun N-terminal kinase (JNK) and p38 subgroups of the mitogen-activated protein kinase (MAPK) family, which are intimately associated with cellular death signals from membrane receptors and extracellular stress (Ichijo, 1999; Harper and LoGrasso, 2001) . Our results showed that in addition to the treatment of HepG2 hepatocellular carcinoma cells with CA and LT, administration of PCA also effectively led to cell death, and PCA employed a JNK-dependent pathway for the induction of cell death in the hepatocellular carcinoma cells.
Materials and methods

Materials
Human hepatocellular carcinoma HepG2 cells were purchased from the American Type Culture Collection (Rockville, MD, USA). Cell culture reagents were from Invitrogen (Carlsbad, CA, USA). Antibodies for phospho-JNK (Thr 183 /Tyr 185 ), phospho-p38 (Thr 180 /Tyr 182 ), anti-JNK, and anti-p38 were from Cell Signaling Technology (Beverly, MA, USA). Chlorogenic acid (CA) was purchased from Acros Organics (Geel, Belgium), while luteolin (LT) and protocatechuic acid (PCA) were from Wako Pure Chemical Co. Ltd. (Osaka, Japan). The purity of CA and LT was 99.5% and 97.5%, respectively, as determined by thin-layer chromatography, while that of PCA was ≤99.9% as determined by capillary gas chromatography. They were dissolved in sterile water (for PCA and CA) or DMSO (for LT) at 100 mmol/L before use. All other chemicals were purchased from Sigma.
Preparation of the aqueous extract of Lonicera japonica
Lonicera japonica was purchased from Nanjing TCM Processing Factory (Nanjing, China), and stored at the Laboratory of Biotechnology Research Institute, The Hong Kong University of Science and Technology. Slices of 100 g of the plant material were boiled with 400 ml of distilled water for 2 h. After filtration, the plant material was boiled with another 400 ml of distilled water for 1 h. Extracts from the two extractions were combined and filtered. The filtrate was lyophilized to give 33.60g of dried extract. The dried extract was then kept at 4
• C and dissolved in sterile water before use.
Cell culture
HepG2 hepatocellular carcinoma cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS). 50 units/ml penicillin and 50 μg/ml streptomycin were incorporated in the growth medium, and the cells were grown at 37
• C in an environment of 5% CO 2 .
Detection for stimulatory phosphorylated JNK and p38
The detection of stimulatory phosphorylated JNK and p38 was performed as described previously (Yu et al., 2004) . Briefly, HepG2 cells were seeded at a density of 10 6 cells/well in 6-well plates. Cells were serum-starved overnight to eliminate any growth factor-induced basal activities that might interfere with the subsequent investigation. Then the cells were treated in the absence or presence of PCA, LT, or CA of increasing concentrations. Treatments were terminated by aspiration of drug-containing medium, followed by addition of 500 μl ice-cold lysis buffer (50 mmol/L Tris-HCl, pH 7.5, 100 mmol/L NaCl, 5 mmol/L EDTA, 40 mmol/L NaP 2 O 7 , 1% Triton X-100, 1 mmol/L DTT, 200 μmol/L Na 3 VO 4 , 100 μmol/L PMSF, 2 μg/ml leupeptin, 4 μg/ml aprotinin, and 0.7 μg/ml pepstatin). Proteins (50 μg of protein for each sample) were resolved in 12% SDS-PAGE followed by Western blotting. The presence of stimulatory phosphorylated JNK and p38 was detected by phospho-specific antibodies as described previously (Liu and Wong, 2005) . Finally, the membranes were developed in the presence of ECL reagents, and the images detected in X-ray films were scanned and quantified using Image J (http://rsb.info.nih.gov/nih-image/index.html).
Assay for cytoviability
HepG2 cells were seeded 5 × 10 4 into each well of clear flat-bottomed 96-wells plates with 100 μl of growth medium. Cells were challenged with PCA, CA, or LT (100 μmol/L) for 4 days in growth medium with or without co-treatment
The bathing medium with drugs was then replaced with 100 μl of fresh growth medium. MTT (10 μl of 5 mg/ml, in PBS) was then added to each well. After incubation at 37
• C for 4 h, 100 μl of solubilization solution (10% SDS in 0.01 mol/L HCl) was added to dissolve the water-insoluble formazan salt, which reflects the amount of living cells. After incubation at 37
• C overnight, the absorbance at 570 nm was measured with a micro-plate reader (Dynatech Laboratories). The cytoviability index of each treatment group was expressed as (Drug treatment OD/basal OD) × 100%.
Results
When HepG2 cells were incubated with 100 μmol/L of CA, LT, or PCA, significant cell death was observed ( Figure 2A ). The MTT assay, which reflects the viability of living cells, showed that only 20-40% viability was associated with HepG2 cells treated with any one of these three compounds ( Figure 2B ). The basal viability (in the absence of CA, LT, or PCA) was defined as 100%, and vehicle control (0.1% DMSO) had no effect on the cell viability ( Figure 2B ). These results implied that these phenolic compounds induced cytotoxicity in 60-80% of HepG2 cell populations, and demonstrated that in addition to the potential anti-liver cancer effect of CA (Tanaka et al., 1990) and LT (Chen et al., 2000) , PCA may also serve as an effective agent against hepatocellular carcinoma cells. Treatment of HepG2 cells with increasing concentrations of PCA, CA, and LT resulted in dose-dependent cytotoxicity ( Figure 2C ), with IC 50 values of 60, 55, and 40 μmol/L and corresponding cell viabilities of 65% ± 6%, 62% ± 4% and 53% ± 5%, respectively (Bonferroni paired t-test, p < 0.05, as compared with the maximum cell death responses at 100 μmol/L for all three phenolics).
The cellular mechanism by which these plant phenolics exhibit antitumor effects remains unclear. However, recent studies have shown that many naturally occurring compounds in medicinal herbs stimulate intracellular signal transduction pathways for the manifestation of their biological effects (Yu et al., 2004; Chan et al., 2005a,) . This is especially true for their regulatory actions on the MAPK cascades. Among the different members in Figure 2 . Decreased viability of HepG2 hepatocellular carcinoma cells upon treatment with different phenolics. HepG2 cells were treated with 100 μmol/L of chlorogenic acid (CA), luteolin (LT), or protocatechuic acid (PCA) for 4 days followed by morphological analysis (A) and MTT assay (B). The dose-dependent cytotoxicity was determined by treating the cells with increasing concentration of the three compounds (C). * Treatment with CA, LT, and PCA significantly decrease the cell viability as compared to the basal value (Bonferroni paired t-test, p < 0.05).
the MAPK family, the ERK subgroup is involved in cell proliferation and differentiation, while the JNK and p38 subgroups are tightly associated with cellular death signals from membrane receptors and extracellular stress (Ichijo, 1999; Harper and LoGrasso, 2001; Nishina et al., 2004) . Hence, it is likely that phenolic compounds may induce cell death via activation of JNK and/or p38 MAPK. To determine whether CA, LT, and PCA are capable of stimulating JNK and p38, HepG2 hepatocellular carcinoma cells were treated with one of the three phenolics, and the cell lysate of each sample was subjected to immunodetection of the stimulatory phosphorylated forms of JNK and p38. Our results showed that only PCA, but not CA or LT, triggered significant activation of the JNK and p38 subgroups of MAPK in HepG2 hepatocellular carcinoma cells ( Figure 3A) . The PCA-induced kinase activations were dose-dependent, as demonstrated by the observation that both JNK and p38 phosphorylation were gradually enhanced in response to increasing concentrations of PCA (Figure 3B ). Detectable activations of JNK and p38 were observed at 30 μmol/L of PCA, while maximal activation of the kinases was achieved around 100-300 μmol/L of the drug ( Figure 3B ). Pretreatment of SP600125 (JNK inhibitor) or SB203580 (p38 inhibitor) specifically suppressed the corresponding kinase activation ( Figure 3C ), indicating that PCA stimulated the activities of JNK and p38 in a parallel manner that is independent of each other.
To further investigate whether PCA-induced activation of JNK and p38 is related to the subsequent death response of HepG2 hepatocellular carcinoma cells, we employed specific inhibitors against the kinases. Pretreatment with SP600125 or SB203580 alone (the specific inhibitors for JNK and p38, respectively) had no significant effect on the viability of HepG2 cells (data not shown). When HepG2 cells were pretreated with SP600125 followed by addition of PCA, the resulting cell viability was retained at 100% as compared with the control (∼30%) in which HepG2 cells were challenged with PCA in the absence of inhibitor pretreatment (Figure 4) . Similarly, inhibition of p38 by SB203580 also rescued the PCAinduced cell death, but to a lower extent ( Figure  4 ). Co-inhibition of JNK and p38 (by pretreating with the two inhibitors simultaneously) completely rescued the cells, similarly to results seen on suppressing JNK alone (Figure 4 ). These results suggested that PCA triggered the HepG2 hepatocellular carcinoma cell death in a JNK-and p38-dependent manner, while JNK may play a more important role than p38 for this cytotoxic effect. On the other hand, CA and LT cannot stimulate JNK and p38 in HepG2 cells ( Figure 3A) , and their cytotoxic effect on HepG2 cells was insensitive to inhibition of JNK and p38 ( Figure 5 ). Interestingly, pretreatment of HepG2 cells with NAC (an antioxidant) significantly increased the cell viability by 20% and 40% for CA-and LTchallenged cells, respectively ( Figure 5 ), implying that CA-and LT-induced HepG2 hepatocellular carcinoma cell death may involve oxidative stress. As PCA, LT, and CA are naturally occurring constituents in Lonicera japonica (Chang and Hsu, 1992) , it is interesting to examine whether MAPK activation as well as the subsequent death response can be detected in HepG2 cells treated with the aqueous extract of Lonicera japonica. When the aqueous extracts of Lonicera japonica (100 μg/ml) was applied to the HepG2 cells, the lysates of the treated cells were associated with increased stimulatory phosphorylation of JNK and p38 as compared to the basal value ( Figure  6A ), similarly to the MAPK activation profile of PCA ( Figure 3A) . Further experiments showed that this aqueous extract also decreased the viability of HepG2 cells to 50%, while the pretreatment with SP600125 (but not SB203580 and NAC) significantly increased the viability of the extractstimulated cells to ∼90% ( Figure 6B ). Collectively, the aqueous extracts of Lonicera japonica and its chemical component, PCA, both induced activation of JNK and p38, and triggered hepatocellular carcinoma cell death primarily through a JNK-dependent pathway.
Discussion
PCA, CA, and LT are phenolics isolated from Lonicera japonica (Chang and Hsu, 1992) , and recent studies have suggested that they may possess multiple therapeutic functions for various human diseases including liver cancer. Activation of death receptor 5 (DR5) by LT plays a significant role in LT-induced caspase-dependent apoptosis (Horinaka et al., 2005) . However, it remains to be determined whether PCA and CA also act on specific receptor systems for growth arrest or apoptosis. Our preliminary data suggested that PCA may not be an effective activator for caspase activation. On the other hand, a previous report has demonstrated that PCA induces DNA fragmentation in leukemia cells when applied in the micromolar range (Tseng et al., 2000) . In view of the important role of endonuclease-induced DNA fragmentation in the mitochondrially mediated apoptotic mechanism (Jin and El-Deiry, 2005) , we believed that further investigation might help to define the possible intrinsic apoptotic properties of PCA. Moreover, the differential capabilities of JNK and p38 activation ( Figure 3A ) provide another indication that PCA and LT should act through different signaling pathways to induce hepatocellular carcinoma cell death.
Although the effective concentrations of PCA, CA, and LT for the induced HepG2 cell death ranged from 10 to 100 μmol/L (Figure 2C ), previous studies have demonstrated that PCA in the micromolar range can be found in the plasma of experimental animals upon certain pharmacological treatments. Cyanidin 3-O-β-D-glucoside administered orally to rats can be metabolized to PCA with a plasma concentration in the micromolar range (Tsuda et al., 1999) . Certain substrates of aldehyde oxidase (e.g., vanillin) when applied at 1 mmol/L, are readily converted to 100-200 μmol/L of PCA by guinea pig liver slices within 1-3 h (Panoutsopoulos and Beedham, 2004 ). Moreover, 50-100 μmol/L of CA can be detected in the plasma of rats subjected to rectal administration of Lonicera bud and Scutellaria radix extracts (Li et al., 2006) . All these findings implied the possibility that different cell types, including hepatic cells, could be subjected to micromolar concentrations of particular compounds (e.g., PCA and CA) upon different pharmacological treatments.
In addition to the cytotoxicity of PCA on HepG2 hepatocellular carcinoma cells (as shown in this report), Tseng et al. (1996) have demonstrated that PCA could protect rat primary hepatocytes against oxidative damage induced by tert-butylhydroperoxide. These findings indicate that PCA is likely to be a useful chemotherapeutic agent to eliminate liver cancer cells without significant harmful effects on normal cells. This assumption is supported by the fact that the cytotoxic effect of PCA shows a higher selectivity toward cancerous cells than to normal cells of human origin (Babich and Visioli, 2003) . Moreover, in vivo studies demonstrated that PCA (IC 50 ∼ 75 μmol/L) protects normal rat hepatocytes from oxidative stress of free radical-generating agents (Liu et al., 2002) . Hence, the cytotoxicity of PCA is likely to occur in a specific manner on the HepG2 hepatocellular carcinoma cell lines. Although the CA-and LT-induced cell death might involve oxidative stress, which accounts for their sensitivities toward NAC (Figure 5 ), the mechanism that generates the reactive oxidation species (ROS) required in the process remains unclear. In fact, previous studies have demonstrated that CA and LT induce cytotoxicity through increasing intracellular ROS levels (Jiang et al., 2000; Matsuo et al., 2005) . However, it should be noted that NAC was unable to fully rescue HepG2 cells upon treatment with CA or LT ( Figure 5) ; hence, other signaling systems (e.g., DR5 for LT as mentioned before) may also participate in the CA-and LT-induced cell death.
PCA has been considered to be an efficacious agent with antitumor properties through inhibition of cell proliferation induced by carcinogens in the digestive organs (Tanaka et al., 1995) . However, further assays on animal models will be required to assess the potential therapeutic effect of PCA on liver cancer. Lonicera japonica contains PCA, and its aqueous extract also triggered JNK activation and induced hepatocellular carcinoma cell death in a JNK-dependent manner. These similarities suggest that PCA and other related compounds in Lonicera japonica may contribute to the JNK-dependent HepG2 cell death. The physiological roles of activations of JNK and p38, as important members of the MAPK family, in growth arrest and cell death have been studied extensively (Nishina et al., 2004) . Although PCA and the aqueous extract of Lonicera japonica triggered p38 activation, inhibition of p38 signaling neither rescued the extract-treated hepatocellular carcinoma cells nor eliminated the PCAinduced cell death as effectively as inhibition of JNK. Such phenomena can be explained by the fact that JNK and p38 possess common downstream signaling components (e.g., p53) for the regulation of growth arrest and cell death response (Wu, 2004) . Inhibition of JNK alone (as shown in this report) may be sufficient to diminish the death signal to the extent that HepG2 cells remain able to grow normally. Moreover, we cannot rule out the possibility that naturally occurring-compounds other than PCA may also be present in the aqueous extract of Lonicera japonica, resulting in a cooperative effect on the JNK-dependent hepatocellular carcinoma cell death. In fact, our unpublished HPLC data indicate that 100 μg/ml of aqueous Lonicera japonica extract contains only 23 nmol/L of PCA, which is much lower than the required concentration (10-100 μmol/L) when PCA was applied alone ( Figure 2C ). Naturally occurring compounds with similar cytotoxicity signaling to PCA might be present in the extract for the JNK-dependent HepG2 cell death. In this regard, it has been reported that Lonicera japonica also contains other phenolics such as caffeoylquinic acid, methyl caffeoylquinate, methylchlorogenic acid, methylcaffeate, rutin, and many other uncharacterized compounds (Chang and Hsu, 1992) , while the abilities of these substances for JNK activation remain unclear.
In conclusion, PCA is probably not the major component of Lonicera japonica responsible for the extract-induced cytotoxicity on HepG2 cells; hence, a more extensive study is required to further elucidate the individual as well as the cooperative effects of various compounds in Lonicera japonica, and this will be the goal of our future studies. Taken together, our findings provide crucial information that different chemical constituents isolated from Lonicera japonica may suppress liver cancer cell growth via different mechanisms, and PCA may kill the hepatocellular carcinoma cells primarily through a JNKdependent pathway.
